Rationale for using transformed cells to deliver oncolytic viruses
The use of cells as oncolytic virus (OV) delivery vehicles offers a number of potential advantages. 1, 2 One lies in the tissue-homing capacity of certain cancer cells. 3, 4 This specificity can combine with the intrinsic cell tropism of the virus and contribute to restricting virus infection to the target neoplastic lesions, thereby minimizing deleterious side effects. Second, carrier cells can be engineered to express a set of transgenes exceeding the cloning capacity of the viral vector considered and can be used to reinforce the genuine activity of the OV in various ways. Third, carrier cells can act as local virus factories allowing high amplification of the inoculated virus. 5 Finally, OVs harboured by carrier cells remain at least partly protected from inactivation by the host until released at their destination. 6 In the present review, emphasis will be placed on tumour cell carriers, while the use of mesenchymal, endothelial or bone marrow progenitor cells with different OV systems will be addressed elsewhere in this issue.
If carrier cells are to be used for OV delivery, tumourderived or in vitro transformed cells would seem to be optimal candidates for efficient production of progeny virus bursts in the vicinity of tumours. Besides being permissive for OV multiplication, these cells should survive infection (and other treatments used to ensure their innocuousness) long enough to arrest in the target neoplastic tissues and sustain virus production for a sufficient time. The choice of an appropriate carrier/OV system is dictated by the nature of the target malignancy. Whether the tumour is local or disseminated is particularly relevant. Metastatic spreading of primary tumours is indeed one of the central problems of cancer in terms of both long-term patient survival and therapeutic protocol design. Targeting scattered metastases is a tougher therapeutic challenge than treating primary cancers. Metastasis-derived carrier cells are promising in this case as well, since metastatic cells combine distinct tissue-homing properties with enhanced resistance to shear stress and apoptosis upon extravasation. 7 The safety concerns raised by the use of tumour-derived or transformed cells as vehicles are discussed below.
Identifying optimal carrier cells for a particular cancer application is not a straightforward process. This is discussed below in relation to the pros and cons of various strategies. Some approaches are exemplified by recent data obtained in our laboratory with autonomous parvoviruses, which are naturally endowed with oncosuppressive properties. 8 Some members of the genus parvovirus (PV), harboured by rodents, are currently under consideration for cancer virotherapy applications because of the following outstanding features: they fail to transform host cells, infection in humans is asymptomatic, and these viruses propagate preferentially in (oncotropism) and kill (oncolysis) neoplastically transformed cells.
9 Parvovirus H-1PV exerts its lytic effect on (human) tumour cells from about 48 h post-infection, a time lag compatible with the use of these cells as PV carriers, giving the cells enough time to settle in (metastatic) neoplastic lesions before the onset of virus release.
The oncoselectivity of OV implies that cells derived from tumours or generated by in vitro transformation should provide the most efficient producer cells for OV delivery. Figure 1 depicts various delivery strategies exploiting such cells. Since both autologous and allogenic cells are envisaged for such applications, both options are discussed below in terms of OV carrier potential.
Potential of autologous tumour cells for OV delivery
Clinical and experimental data clearly show that blood-borne metastases from many malignancies exhibit distinct patterns of tissue distribution. 3 Although mechanical or anatomical factors contribute to this distribution by leading tumour cell emboli to be trapped in the first capillary bed encountered, there is evidence supporting Paget's 'seed and soil' hypothesis, according to which metastasizing cells (seed) recognize and parasitize certain organs (soil) through specific interactions with endothelial cells or the extracellular matrix. 4 Furthermore, emerging evidence suggests that some primary tumour cells release soluble factors that induce a specific population of non-malignant haematopoietic cells to mobilize and settle in distant organ tissues, thereby establishing a 'pre-metastatic niche' that lays a foundation for incoming circulating cancer cells. 10 This raises the fascinating possibility that pre-selected autologous patient-derived tumour cells isolated from the patient's primary tumour might be used to target organs suspected of harbouring metastases, and to deliver antineoplastic products, including OVs, locally.
The major advantages to be expected from autologous tumour cell (ATC) carriers can be summarized as follows: (1) As isolated ATCs are prone to adhere to their histological counterparts, they should be especially suitable as local 'OV factories' disseminating OVs to non-resectable or locally disseminated tumours through cell-to-cell spreading. 11 Furthermore, it is possible to select metastasis-prone populations from the primary tumour or its draining lymph nodes or from established metastases with the help of tissue-specific endothelial matrices, hypoxic growth conditions or distinct cell markers such as CD44. [12] [13] [14] [15] Carriers generated ex tempore from these ATCs should be endowed with an enhanced capacity to pick up the trail of neoplastic dissemination and to transport their OV load to the right location after systemic application. This was recently demonstrated by our finding that rat hepatoma cells can transfer H-1PV to lung metastases originating from these cells and can initiate oncolysis within these metastases. 5 (2) The immune compatibility of ATCs with the patient minimizes the risk of rejection, thereby extending the time available for OV release or transgene expression. (3) Irradiated ATCs constitute genuine therapeutic anticancer vaccines, whose action can be enhanced by the carried OVs acting as adjuvants. OV-dependent potentiation of ATC-mediated anti-tumour immunization is best exemplified by clinical successes in melanoma treatment using NDV-modified autologous cell vaccines. 16 Compared with commonly used subcutaneous ATC immunization, systemic administration of OV-loaded ATCs presumably adds the advantages of 'in situ' immunization at sites of metastasis, resulting from local oncolysis-mediated release of tumour-associated antigens from the infected vaccine. 17 Furthermore, virus infection of ATCs may potentiate the immune system by generating viral danger signals, by inducing cells to Tumour cell carriers of oncolytic viruses Z Raykov and J Rommelaere produce immunomodulating factors or by modifying cell death patterns so as to favour cross-presentation of tumour-associated antigens. Experimental studies have shown that antigen presentation in the liver, a common target of metastasis, does not necessarily result in immunization. In particular, presentation by liver sinusoidal endothelial cells of antigens derived from apoptotic tumour cells appears to be tolerogenic for CD8+ T cells. 18 Infection of ATCs might shift the immune balance in favour of vaccination. For example, the fusion of tumour cells due to expression of viral fusogenic membrane glycoproteins can reverse their suppressive effects on dendritic cells. 19 In gliomas, furthermore, parvoviruses have been shown to induce a cathepsin-mediated cell death mechanism that might initiate maturation of antigen-presenting cells more effectively than physiological apoptosis of metastasizing cells. 20, 21 (4) Another advantage worth mentioning is the possibility of using autologous tumour biopsies and derived ATCs to guide the choice of patient-tailored treatments. From a panel of potential candidates, it should be possible to select the most efficient OV against a given tumour. It should even be possible to use ATC cultures to adapt OVs ex vivo to specific types of cancer, as discussed below.
On the basis of the advantages just described, one might propose a sequential two-step strategy for treating (metastatic) cancers with OVs. First-line treatment would involve multiple systemic applications of naked virions. Then, upon development of humoural anti-viral immunity, second-line treatment would involve the administration of infected ATC carriers via the same route. Virologically, this strategy should optimize the exposure of tumours to infectious viruses by shielding OVs from neutralizing antibodies after seroconversion. Immunologically, one might expect a cooperative protective effect due to priming of a cellular immune response against the virus from infected tumour cells in the first step, followed by boosting with the infected-carrier vaccine, at the second stage. Cross-presentation of tumour antigens should redirect against metastases the power of this anti-viral secondary immune response, resulting in a double therapeutic benefit. It is worth mentioning in this respect that anti-viral T-cell immunity does not prevent carrier-delivered OVs from infecting target cells. 6 The first step in this protocol is likely to have a lesser impact if the patient has developed immunity against a chosen OV prior to treatment, either naturally (against adenoviruses, for example) or as part of a regular vaccination schedule (as in the case of the measles virus).
In conclusion, ATCs hold special promise, in our opinion, as vehicles for patient-tailored delivery of OVs to disseminated tumours. Yet progress must be made in preparing ATCs that follow the natural route of metastatic spread and in establishing safety protocols (discussed below).
Capacity of allogenic tumour cells to carry OVs
The rationale for using allogenic tumour cells (ALTCs) lies in their availability as established cell lines that can be selected and adapted for efficient OV production, while retaining the potential to spread in a manner that mimics the metastatic pattern of a given malignancy. A practical approach would be to use standard cell lines derived either from metastases of the same type of cancer as the targeted one or from a different malignancy with a similar metastatic pattern. Typically, the ALTC-carrier approach does not aim at long-term expression and production of OVs at tumour sites, as the ALTCs should eventually be rejected because of their immune incompatibility with the patient. This makes it necessary to identify highly OV-permissive ALTCs in order to achieve maximum virus production over a limited period of time.
The use of established ALTC lines as OV carriers offers various advantages. First, these cell lines can be engineered in various ways for optimal OV delivery. One strategy could be to provide ALTCs with tissuehoming or immunomodulating transgenes. For example, carriers could be modified to express chemokine receptors (for example CXCR4) causing the cells to follow chemokine gradients to the metastatic niche. 22 ALTC vehicles may also represent the standard packaging cell lines for some defective vectors, and serve as local (recombinant) vector factories. Further possibilities might be to build in antisense systems rendering the ALTCs insensitive to anti-viral defence mechanisms or to improve their adhesion to endothelial matrices or their predilection for hypoxic conditions. A second advantage of allogenic cells is their immunogenicity, which is a great asset to their use as vaccines. 23, 24 The massive alloreaction-associated activation of CD4+ and CD8+ cells at ALTC-homing sites (in particular metastatic lesions) should create a local microenvironment favouring the additional engagement of any tumour-specific lymphocytes present at those sites. Lastly, ALTCs are more convenient than ATCs for the in vitro selection of OVs adapted for efficient multiplication in a given tumour type. We are currently tackling this approach in our laboratory, using oncolytic parvoviruses known to mutate at a frequency enabling them to escape extra-or intracellular restrictions. 25, 26 This raises hopes of isolating a series of parvovirus variants showing increased fitness for replication in a specific ALTC line, making it possible to create improved 'PV vehicle' pairs for particular malignancies (see Figure 1) .
Selecting appropriate cell lines is a key issue in ALTCmediated OV delivery. The choice is obviously dictated by the type of tumour to be targeted. For the therapy of lung cancer or pulmonary metastases, cells derived from solid tumours of non-haematopoietic origin are worth considering, because mechanical constraints result in their initial trapping in lung capillaries after systemic injection. On the other hand, cells derived from haematological malignancies are likely to be suitable for transferring OV to certain disseminated cancers, because they retain some of the features of their untransformed counterparts. 6, 27 For instance, the observation that monocytes play a role in transport of the measles virus during natural infection has led to the successful use of corresponding cell lines as carriers for this virus. 27 Established cell lines derived from promonocytic leukaemias are another example. These cells appear as good candidates for the delivery of parvovirus H-1PV because they are permissive for this agent 28 and,
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having retained the capacity of normal monocytes for transendothelial migration, they can transport viruses through the endothelial barrier. 29 Interestingly, the sensitivity of monocytic leukaemia cells to H-1PV replication can be temporarily suppressed by treating them with the differentiation inducer PMA (unpublished observation). This opens the prospect of loading these cells with virus in PMA-containing media (to prevent the onset of virus multiplication and cytopathic effects) prior to their systemic injection. Upon injection, the cells should undergo diapedesis into metastasis-affected tissues 30 where, in the absence of the PMA block, they should revert to virus producers. Other promising candidates are B-cell lymphoma lines. These appear to retain the homing capacity of normal lymphocytes and can be infected productively with OVs and notably with parvovirus H-1PV. 31 Interestingly, the recent identification of markers required for metastastatic dissemination of lymphomas (for example CD44 and PSGL-1) makes it possible to select cell variants for the delivery of OVs to such lesions. 32 Also of great interest are choriocarcinoma cells. Choriocarcinoma, a tumour originating from the placental trophoblast layer, is the only neoplasia known to grow and metastasize in histoincompatible hosts. The ability of normal trophoblastic cells to invade the uterine wall is very reminiscent of the behaviour of invasive metastatic cancer. The haematogenous spread of choriocarcinoma is reported to result in lung metastases in 80% of the clinical cases studied. 33 Because of their fetal origin, these cells have an atypical pattern of major histocompatibility complex I and cytokine expression, which favours their implantation and persistence in maternal host tissues despite their allogenic nature. 34, 35 This implantation potential of choriocarcinoma cells, together with their ability to support persistent adeno-associated virus (AAV) infection, might be used to achieve long-term expression of transgenes transduced by AAV vectors. 36 Choriocarcinoma cells are also interesting candidates for the sustained delivery of OVs, since the choriocarcinoma line JAR has been found to support parvovirus H-1PV replication in vitro and to release substantial amounts of progeny virus over an extended period of time, even after cell inactivation by g-irradiation. 5 
Use of in vitro pre-activated or transformed cells to deliver OVs
An alternative strategy is to transform cells in vitro by genetic manipulation, so as to drive them into a preneoplastic state and thus to enhance their capacity for OV production. Malignant transformation is a stepwise process, 37 and cells may become permissive toward OV infection before reaching the stage of tumourigenicity, thus providing safer vehicles for OV delivery. For example, both spontaneously and SV40-immortalized human keratinocytes are sensitive to parvovirus H-1PV, irrespective of their additional tumourigenic transformation with the H-ras oncogene. 38 Immune and endothelial cells are prime candidates for this approach. They can be manipulated in vitro or through their responsiveness to various cytokines and growth factors and have the capacity to home to metastases and neoangiogenesis centres. Notably, pre-activation of T cells by phytohaemagglutinin results in increased susceptibility to the measles virus, although infection remains non-productive and viral transfer is achievable only through heterofusion of the vehicle with the target cell. 39 A very recent report describes a potent strategy using cytokine-induced killer cells supporting replication of vaccinia OVs and their transport into tumours upon intravenous administration. 40 Especially attractive candidates would include tumour-infiltrating lymphocytes (TILs). Transformation of TILs with HTLV elements (Tax), for instance, results in their immortalization and in the acquisition of a more invasive phenotype, with upregulation of metalloproteases and extravasation through the endothelium. 41 On the other hand, the endotheliotropism of certain parvoviruses raises the possibility of using activated endothelial cells to deliver these agents. 42 Whether other precursor cells might be conditioned so as to transfer OVs to specific tissues remains to be explored.
As stated above, it would be desirable to ensure that pre-loaded carrier cells do not produce virus until they reach their (metastatic) tumour targets. One way to delay virus production in a controlled manner is to render cell transformation conditional, so that the appearance of the transformed phenotype, with the associated permissiveness, can be induced at will. Various strategies are currently available for achieving this, such as placing the oncogene under the control of a tetracycline-or hypoxiaresponsive promoter.
Safety issues related to the administration of tumour or transformed cells
Any strategy involving the administration of tumour or transformed cells to cancer patients in order to deliver viral agents raises safety issues linked to the residual oncogenic risk of these cells. This makes it necessary to test a range of safety mechanisms in pre-clinical models before envisaging the use of transformed carriers in clinical trials. Like conventional tumour cell vaccines, infected carrier cells can be inactivated by irradiation prior to their injection into patients. 16 This treatment, together with the oncolytic properties of the harboured viruses, should deprive carrier cells of any tumourigenic potential. Yet the transformed carrier cells subjected to this double safety procedure must remain alive for a while, so as to produce OVs at the target site. Postinfection g-irradiation appears to be a treatment of choice, as it suppresses the growth of H-1PV carrier cells while preserving parvovirus replication and prolonging the production and release of progeny virions. 5, 11 In certain cases (for example AAV), ionizing radiation even enhances cell permissiveness for viral DNA replication. 43 Additional safeguards can be implemented against the uncontrolled multiplication of transformed carrier cells. For instance, the cell vehicle can be equipped with cassettes whose expression eventually leads to senescence (through production of antisense RNAs directed against human telomerase reverse transcriptase, for instance). Another strategy is to arm carrier cells with conditional suicide genes like herpes simplex virus thymidine kinase, or with genes encoding caspases that can be activated with non-toxic, lipid-permeable chemical inducers of dimerization. 44 Or
Tumour cell carriers of oncolytic viruses Z Raykov and J Rommelaere carrier cells might be selected to be highly sensitive to a certain drug (or made so through expression of nucleoside transporters, for instance) and eradicated at the desired point in time by administration of that drug. Besides these approaches in which cells are engineered so as to be doomed to an early or drug-dependent death, other treatments can be used, should the need arise, to eliminate certain carriers specifically. Examples of such treatments include Tax-specific cytotoxic T lymphocytes against HTLV-transformed cells or chemotherapeutics to which choriocarcinoma cells are especially sensitive. 45, 46 Efficacy of OV protection by tumour cells against humoural immunity
The pre-existence or rapid induction of neutralizing antibodies constitutes a major obstacle to systemic application of OVs. Such antibodies can completely prevent virus transfer into targeted tumours. One of the main problems that prompted the development of carrier-cell technologies was the need to shield therapeutic viruses against this physiological humoural immune reaction. Different in vitro and in vivo systems have been used to assess the capacity of carrier cells to protect OVs from the antibody response. Most in vitro assays rely on measuring cytotoxicity or on estimating syncytia formation upon co-cultivation of infected carriers with susceptible target cells in the presence and absence of virus-specific antibodies. 5, 27 Successful protection is exemplified by the results of a recent experiment carried out in our laboratory, where we tested the effect of an H-1PV-specific rat antiserum (diluted 1:200) on the ability of H-1PV to infect sensitive transformed cells. The parvovirus was delivered at the same total dose in two different ways, as naked virions and by producer carrier cells (effector-to-target cell ratio, 1:10). In the former case, the neutralizing serum completely abolished infection, but in the latter viral cytotoxicity was unaffected by the antiserum (unpublished observations). Yet one should be cautious in extrapolating such results, however encouraging, to the in vivo situation. In a hepatoma model, for instance, i.v. injection of various H-1PV-infected carriers resulted in virus transfer and suppression of lung metastases in naive rats but not in animals having high titres of neutralizing antibodies. 47 In other OV/tumour systems, virus delivered by carrier cells was found to avoid seroneutralization partially or totally in actively or passively immunized animals. 6, 39 Thus, carrier cell-mediated delivery has a potential to shield input virions against neutralizing antibodies in vivo, but the level of protection appears to depend on the OV/carrier cell pair, the target tumour, the therapeutic protocol (notably treatment repetition, antibody titres). Accordingly, the impact of these parameters should be assessed in immunocompetent animal models where the OV induces a potent neutralizing response. 5, 6 Furthermore, the use of carrier cells might be combined with other means aimed at taming anti-viral reactions. For example, applying carriers together with plasmapheresis might be a more physiological means of taming anti-viral immune reactions than drug-induced immunosuppression.
Use of combination strategies to improve carrier cell-mediated OV delivery
Cancer progression involves a complex interplay between tumours and the surrounding tissues. Homing of infected carrier cells might thus be improved by preconditioning the tumour environment. A fascinating possibility would be, prior to OV/carrier treatment, to begin by injecting cells known to respond to chemotactic molecules and growth factors produced by tumours (for example mesenchymal, endothelial or bone marrow progenitors). [48] [49] [50] [51] [52] The natural or built-in chemoresistance of these cells should enhance their participation in tumour vessel formation in patients under chemotherapy. 53 By administering such Trojan horses at the time of primary tumour resection, which often correlates with the release of metastatic growth from anti-angiogenic restrictions, 54 it should be possible to promote their infiltration into the pre-metastatic niche. 10 These frontline cells could be further armed with specific secreted or membrane-bound molecules providing an anchorage for subsequent homing of infected OV carriers or systemically applied viruses. This strategy is obviously not devoid of risk, as it should initially promote tumour feeding. Yet these conditioning cells should be equipped with a suicide system to be turned on after OV delivery, leading to destruction not only of these cells but also of neighbouring endogenous vascular cells through a bystander mechanism. Furthermore, these front-line cells could be engineered to express a whole panel of secreted immunostimulatory transgenes enhancing different steps of the cellular immune response and generating conditions favourable to initiation of an anticancer immune response by OVs. In recombinant autonomous parvoviruses where the VP genes have been replaced with a transgene, viral propagation cannot proceed after a single round of infection. The sequential use of carriers harbouring recombinant and wild-type viruses, respectively, offers the opportunity to superinfect the former cells with helper viruses acting as capsid donors and allowing a second round of infection by the recombinants. 5 Besides complementing the defect of the recombinant vectors, the helper viruses might exert genuine oncolytic activity. On the other hand, some integrating viral vectors, such as AAVs, can be delivered by specific vehicles to metastatic sites so as to express a transgene for a prolonged period. At a later stage, the site can be targeted with an adenovirus known to provide helper functions, injected either systemically or through a second-line carrier to boost production and novel seeding with the initial AAV.
In conclusion, the use of cell vehicles for the targeted delivery and production of OVs opens a number of new prospects to anticancer therapy. Yet strategies involving infected carrier cells need to be considered by comparison or in combination with existing therapies like chemo-or immunotherapy, so as to take advantage of the clinical experience gained through these more established therapeutic approaches.
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